Introduction
Desmoplastic melanoma (DM) is a subtype of spindle cell melanoma with a distinct clinical presentation and unique histologic features. It classically presents on sunexposed skin of the head and neck as a nonpigmented nodule or plaque in older adults. Histologically, the tumors are characterized by three key features: (i) a lentiginous melanocytic proliferation along the dermoepidermal junction, (ii) a dermal spindle cell population set within the desmoplastic stroma, and (iii) intratumoral lymphoid aggregates. The dermal component is often subtle, and in 20-30% of cases, an intraepidermal component is absent, contributing to the diagnostic challenge [1] [2] [3] . Thus, especially in these cases, lesions of DM can be confused with fibrosis or scar and misdiagnosed [3, 4] . The most characteristic and helpful to the identification of DMs are the desmoplastic stroma and lymphoid aggregates. Intriguingly, the composition of these lymphoid aggregates of DMs has yet to be characterized. We hypothesized that the aggregates may be tertiary lymphoid structures (TLS).
Secondary lymphoid structures (lymph nodes and spleen) exist in well-defined areas and have critical roles in adaptive immunity. However, lymphoid tissue can arise de novo in other tissues by a process termed lymphoid neogenesis [5] , giving rise to TLS, which have features that resemble lymph node tissues. Specifically, TLS are characterized by discrete T-cell and B-cell zones, mature dendritic cells within the T-cell zone, and specialized blood vessels with features of high endothelial venules (HEVs) [5] [6] [7] [8] . Although structures with all three of these features have been termed by some as 'classical' TLS [9] , the heterogeneity of structures identified in some human cancers has led to the broader definition of 'non-classical' TLS, that is, lymphoid aggregates that share some but not all of the three primary defining characteristics [10] . TLS, also referred to as tertiary lymphoid organs, or tumor-localized ectopic lymph node-like structures, have been identified in areas of chronic inflammation [11, 12] , as well as in multiple solid tumors [13] [14] [15] , including conventional melanomas [16, 17] and their metastases [18] . In inflamed nonlymphoid tissues, TLS can support the inflammation or autoimmune reactivity [5] . In cancers, the presence of TLS has been associated with tumor-infiltrating lymphocytes (TIL) [14] , and with favorable clinical outcomes, attributed to local and/or systemic antitumor T-cell and B-cell responses [9, 12] . To this end, we hypothesized that the lymphocytic aggregates seen in DMs are part of a chronic adaptive immune response, and anticipated to find features of TLS formation, including discrete CD20 + B-cell areas, CD83
+ dendritic cells within the T-cell zone, and PNAd + vasculature.
DM has been associated with an extremely high mutational burden [19] ; thus, multiple studies have speculated that immunotherapy may be of particular benefit in this subset of patients [20, 21] . The interaction of programmed death 1 (PD1) on T cells with the programmed death ligand 1 (PD-L1) inhibits the antitumor CD8
+ cytotoxic T-cell response. The PD-L1 expression is enhanced by interferon-γ (IFN-γ) [22] and is often localized in tumor tissues near TIL [23, 24] . We hypothesized that if the TLS in DM contain activated T cells producing IFN-γ, the PD-L1 expression would be near the TLS. We quantified PD-L1 expression in our samples to study the association with the presence or absence of TLS.
Materials and methods
With Institutional Review Board approval (IRB #19694), we searched our database for cases of 'pure' DM between the years 1995 and 2016. We defined 'pure' DM as those cases in which the infiltrate was predominantly dermalbased, paucicellular, and composed of atypical spindled cells set within a desmoplastic or sclerotic stroma with evidence of melanocytic differentiation [25] [26] [27] . We identified 23 cases biopsied at our institution; of those, 12 had materials available for review and study, of which 11 were evaluable on multicolor histology. Patient age, sex, biopsy site, and procedure were recorded from the pathology report. We reviewed the hematoxylin and eosin (H&E) slides and immunohistochemistry (IHC) stains.
As this study was initiated to explore the histopathological diagnostic challenges of DM, cases of 'scar' were selected as our controls. We retrieved 12 cases of scar, 11 of which were evaluable. They included re-excision specimens after squamous cell carcinoma (1), basal cell carcinoma (1), melanomas in situ (2), or atypical nevi (1 Opal 690. Slides were mounted using prolong diamond antifade (Life Technologies, Carlsbad, California, USA) and scanned at × 10 using the PerkinElmer Vectra 3.0 system and Vectra software. The images obtained at × 10 were spectrally mixed. Regions of interest were then identified in Phenochart (PerkinElmer, Hopkinton, Massachusetts, USA), and a × 20 image was acquired. These images were spectrally unmixed using a single stain positive control and analyzed using the InForm software (PerkinElmer, Hopkinton, Massachusetts, USA).
Staining performed in our clinical pathology laboratory and validated at our institution was used for IHC analysis of PD-L1 expression. Briefly, 4-μm thick sections obtained from formalin-fixed, paraffin-embedded samples were stained for PD-L1 with an anti-human PD-L1 rabbit monoclonal antibody (clone SP263; Ventana, Tucson, Arizona, USA) using the automated Ventana BenchMark Ultra platform (Ventana). Sections were counterstained with hematoxylin. PD-L1 expression was evaluated on both tumor cells and on lymphocytes and was estimated as the percentage of total tumor cells or infiltrating immune cells, respectively.
Statistical analyses were performed using Microsoft Excel (Microsoft Corporation, Redmond, Washington, USA) and MedCalc software (MedCalc Software Inc., Mariakerke, Belgium). Whenever possible with the available data, confidence intervals and P values were calculated using MedCalc.
Results
Twenty-three patients diagnosed with 'pure' desmoplastic primary melanoma at our institution from 1995 to 2016 were identified. Of these, tissue blocks were available for 12. Tissue from one specimen did not withstand the staining protocol on repeated attempts and so could not be evaluated. The analysis was completed on 11 patients. Four were initial biopsies and seven were excisional specimens. There was a male : female ratio of 8 : 3. Five [45%; 95% confidence interval (CI): 17-77%] of the tumors were located on the head and neck, with four on an upper extremity, one on the chest, and one on the great toe.
Review of the histopathology revealed that nine lesions contained an intraepidermal component (82%; 95% CI: 48-98%), showing lentiginous growth with predominantly single cell growth along the junction and scattered cohesive nests. Within the dermis, the spindled cells had an infiltrative growth pattern. The edges of the lesions were difficult to define on H&E staining, but were appreciated on IHC staining with S100 antibody in a subset of cases. The desmoplastic stromal change in conjunction with the presence of spindled cells otherwise allowed for demarcation of the tumor edges. Cytologically, the dermal spindled cells ranged from small and bland to enlarge and hyperchromatic to bizarre. Mitotic figures were seen in four tumors (36%; 95% CI: 11-69%). The intervening stroma had a blue-grey to fibrotic appearance. Scattered loosely-arranged aggregates of mature-appearing lymphocytes were found both within and at the periphery of all of the lesions (Fig. 1) .
Features of overt germinal center formation within the aggregates was not evident. Microscopic satellitosis, lymphovascular invasion, or perineural infiltration were not identified.
Follow-up data (Table 1 ) from our cohort revealed that one patients [1/11 (9%); 95% CI: 0-41%] recurred 8 months after wide local excision, with tender lymph nodes in his neck that were fluorine-18 fluorodeoxyglucose avid on a PET-CT scan. That patient was treated with neck dissection and has been without evidence of disease after 2 months of follow-up. Seven patients lived without disease for a mean of 84 months. Three patients succumbed to other diseases at a mean follow-up time of 83 months.
The patient information and prognostic factors of the lesions are summarized in Table 1 .
Review of 11 dermal scars (Table 1 ) revealed a variety of appearances from acutely inflamed biopsy site change to paucicellular fibrosis. The cancer re-excision site scars (scar patients 2, 7, 8, 10) contained a discrete epidermal defect and dermal scar with acute and chronic inflammation. Hypertrophic scars showed thickened collagen with little inflammation.
Multispectral imaging of the DM specimens on the Vectra 3.0 Pathology Imaging System revealed that immune cell aggregates in the majority of DMs contained organized aggregates of CD20 + B cells surrounded by CD8
+ T cells, with PNAd + vessels and CD83 + -activated dendritic cells in the T-cell zones (Fig. 2) . Overall, eight Desmoplastic melanoma. Microscopic images of a desmoplastic melanoma excision showing a low-power view of an effaced epidermis overlying sundamaged skin containing an invasive, infiltrative spindle cell proliferation with scattered intratumoral lymphoid aggregates (a, H&E, × 2). Deep within the dermis, the spindled melanocytes are seen within a desmoplastic stroma (b, H&E, × 4) with scattered lymphoid aggregates among the malignant cells (c, H&E, × 10). Cytologically, the melanocytes display significant pleomorphism and mitotic activity (d, H&E, × 20). [8/11 (73%); 95% CI: 39-94%] DM specimens had classical TLS; representative images are shown in Fig. 3 . In all cases where classical TLS were present, multiple structures were identified. Classical TLS were not identified in three cases [3/11 (27%); 95% CI: 6-61%]: one case showed all features of a TLS except B cells, and another case had no evidence of PNAd + vasculature. On broadening the definition of TLS to include both classical and nonclassical structures, 10 [10/11 (91%); 95% CI: 59-100%] tumors were positive for TLS. One case contained only scattered lymphocytic aggregates with no evidence of TLS formation. Features of TLS identified in our patient cohort are summarized in Table 1 .
One of the 12 scar samples did not withstand the repeated staining protocol for multispectral imaging; therefore, it was excluded from the analysis. Thus, 11 scars were analyzed with multispectral imaging. TLS were absent from most of the scar specimens, but were identified in three of them [3/11 (27%); 95% CI: 6-61%]; all three had features of classical TLS. Representative images are shown in Fig. 4 . Thus, while classical TLS were identified in both desmoplastic melanomas and scars, they were evident in a higher percentage of DM cases than in scar (χ 2 -test, P = 0.045).
To explore whether PD-L1 expression was associated with TLS structures in DM, PD-L1 expression was assessed by IHC. Six of the DMs [6/11 (54%); 95% CI: 23-83%] exhibited PD-L1 expression in at least 1% of melanoma cells (Table 1) . TLS were evident in five of the six DMs with PD-L1 expression by melanoma cells. PD-L1 expression was also identified in at least 5% of immune cells in 10 of the 11 (91%) DMs and in all of the DMs with TLS (Table 1) . Of the three DMs without TLS, PD-L1 expression was found in no more than 10% of immune cells; in contrast, it was expressed in 10-50% of immune cells in five of the eight tumors with TLS. In the tumors with highest PD-L1 expression in melanoma cells (DM10 = 60%, DM11 =30%), PD-L1 expression was also high in immune cells and was densely concentrated within structures identified as TLS (Fig. 5) .
Discussion
DMs present diagnostic challenges. They can evade clinical detection because of their typical lack of pigment and subtle histologic findings. The presence of lymphoid aggregates in DMs is an intriguing feature. They can be seen in scars, benign melanocytic nevi [28] , and even conventional melanomas [16] [17] [18] ; thus, they are not strictly pathognomonic for DMs. However, these Multispectral immunofluorescent, spectrally unmixed, composite images of classical tertiary lymphoid structures (TLS) identified in desmoplastic melanoma (DM) cases (×10). Brightly staining areas are TLS visualized at low-power throughout the dermis. Inset images display a high-power view of a single TLS (×20). Key: CD20 + (B cells) = yellow; CD8 + (T cells) = green; PNAd + (HEVs) = orange; CD83 + (activated dendritic cells) = red; Ki67 + (proliferation marker) = light pink; FoxP3 + (T regs ) = magenta; DAPI (nuclear counterstain) = blue. In all these images, the biopsies are comprised almost completely of the desmoplastic melanoma, and all the TLS in the insets are within the tumors, rather than at invasive margins.
lymphoid aggregates are easily recognizable and are helpful in the histologic identification of DMs. Their cellular composition in DM has not previously been defined, and may provide new insights about their role in the biology of the host-tumor interactions in DM [29] .
We found that these lymphoid aggregates were organized and have features of classical TLS in the majority of cases (eight of the 11 cases) examined. In all cases where at least one TLS was present, multiple TLS were identified. Unlike conventional melanomas, where most TIL and TLS are typically situated at the periphery of the tumor masses [8, 17, 30] , the TLS seen in DMs were both within and around the malignant cell infiltrate. DMs carry an unusually high mutational burden and lack the common oncogenic mutations seen in conventional melanomas such as BRAF and NRAS [19] . Their high mutational rate may contribute to the production of neoantigens and may support immune activation and immune cell infiltration into the tumors. The relationships among TLS, T-cell infiltration, and Th1 immune signatures in melanoma are not fully defined, but TLS may support immune infiltration and tumor control [8] . In murine models, PNAd + lymph node-like vasculature enables CD8 effector and CD8 naive T cells to enter melanoma deposits, increasing antitumor immunity and improving prognosis [31] [32] [33] . Thus, it seems likely that the TLS in DM, which contain PNAd + vasculature, may participate in the immunologic control of cancer progression. Intriguingly, DMs show a distinct biological behavior when compared with conventional melanomas. Unlike conventional melanomas that commonly spread to regional lymph nodes, DMs rarely do [25, 34, 35] . Also, DM tends to be locally aggressive, although in some cases this may be because of poor delineation of margins as infiltrative DMs are so difficult to distinguish both clinically and histologically from the surrounding uninvolved stroma.
The two cases with the highest PD-L1 expression both by tumor cells and lymphocytes exhibited a localization of staining within TLS. The PD-L1 expression has been associated both with IFN-γ [22] and TIL [23, 24] ; our study suggests that expression may be enhanced in areas of TLS formation. However, there was a wide range of PD-L1 expression by tumor cells and higher expression by immune cells than by the melanoma cells. The high expression by immune cells suggests that there is high IFN-γ within the tumor microenvironments for most of these tumors, and especially in those with TLS. An interpretation of the data could be that this leads to high PD-L1 expression by tumor cells in a minority of tumors (DM10, DM11), but that the desmoplastic melanoma cells in other tumors may be intrinsically nonresponsive to IFN-γ, either by downregulation of the IFN-γ receptor or by downregulation or mutation in JAK or STAT genes. Understanding these phenomena could help to understand the quality of the antitumor T-cell response in these patients, and whether the presence of TLS, coupled with measures of tumor cell responsiveness to IFN-γ may help to identify DM patients who may respond to checkpoint blockade.
Future directions include additional investigations to define mechanisms of development of TLS within DM, not only to provide additional information pertaining to the immunobiology of the disease, but in the hope of identifying patients who may benefit from immunotherapies. Future studies should also assess why the TLS in DM tend to be intratumoral, whereas conventional melanomas commonly have them only at the periphery (invasive margin), and why the chronic infiltrate does not organize into TLS for a subset of DMs. Other relevant questions are whether chemokine profiles differ between TLS in DM versus scar and whether T cells in the TLS are activated and antigen-experienced, or naive, and whether they differ compared with the few TLS seen in scars. As these features are elucidated, it will be valuable to understand how those findings may help to differentiate scar from residual DM at the time of DM reexcision. It will also be valuable to understand the antigens, including neoantigens, recognized by CD4 and CD8 T cells within the TLS. We hypothesize that DM with higher mutational burden may present more neoantigens and may be more likely to have TLS. A larger study would also be valuable to test associations of the presence and number of TLS in DM with survival data.
Conclusion
We have characterized the lymphoid aggregates of DM as TLS. They appear likely to be a part of an adaptive immune response and may be helpful for diagnosis and for understanding the immunobiology of the tumor microenvironment of DM.
